and Stahmann, 1955) , Streptomyces scabies ( Johnson and Schaal, 1952) , Verticillium alboatrum (Lee and LeTourneau, 1958) , Phytophthora infestans (Valle, 1957) , Botrytis cinerea and Monilia fructicola (Wilson and Wisniewski, 1989) , and Aspergillus and Fusarium spp. (Weidenbörner et al., 1990) . Mirali et al. (2016 Mirali et al. ( , 2017 reported the presence of flavan-3-ols and proanthocyanidins in brown, green, and gray lentil (Lens culinaris Medik.) seed coats, and their absence in zero-tannin types. Previously, all polyphenols were thought to inhibit Fe bioavailability in humans. However, a recent study conducted by Hart et al. (2015) examined the effect of eight polyphenols on Fe uptake using Caco-2 cells (human cell line) and observed that four polyphenols inhibited Fe uptake, whereas four other polyphenols promoted Fe uptake.
A large proportion of the world's population depends on plant-based food sources for important nutrients (Waters and Grusak, 2008) . Pea (Pisum sativum L.) seeds are an important source of protein, complex carbohydrates, vitamins, minerals, dietary fiber, and antioxidant compounds (Urbano et al., 2003) . The long-term goal of pea breeding is to develop nutritious seeds with appropriate seed coat color and seed size based on specific market preferences. Most field pea breeding programs in North America and Europe focus on white flower types with zero-tannin seed coats. In Australia, the emphasis has been on purple flower types with dun seed coats. A deeper investigation of polyphenols could lead to breeding new cultivars with specific additional health benefits. A recent pilot study conducted in our laboratory revealed significant differences in polyphenol profiles between seeds of pea cultivars CDC Amarillo (white flower) and CDC Dakota (purple flower) (Elessawy et al., unpublished data, 2019) . A recombinant inbred line (RIL) population (PR-20) of 188 lines was developed from a cross between these two parents. Approximately half have white flowers and half have purple flowers. Lines with purple flowers have pigmented seed coats, and those with white flowers have nonpigmented seed coats. Furthermore, the purple flower lines have two seed coat types (speckled and dun) and these lines may be different in terms of polyphenol profile. We expect to detect a wide range of variation in polyphenol profiles between RILs with contrasting seed coat pigmentation and also possibly seed coat types. Thus, the objective of this study was to use liquid chromatography coupled with mass spectrometry (LC-MS) to compare polyphenol profiles of seeds of groups of randomly selected PR-20 lines carrying white vs. purple flower pea lines to identify polyphenols that can be targeted specifically in future pea breeding.
MATERIALS AND METHODS

Plant Material
Seeds of parent lines CDC Amarillo and CDC Dakota as well as PR-20 RILs were obtained from field trials conducted at Saskatoon and Rosthern locations with two replicates each in Saskatchewan in 2016. For this experiment, four RILs were randomly selected from each of three different groups: white flower lines, purple flower lines with speckled seed coat, and purple flower lines with dun seed coat (Table 1 ). In the first experiment, polyphenols in whole seeds were quantified. In the second experiment, two lines from each of the three groups were used and seed coats and cotyledons were tested separately.
Reagents and Standards
The phenolic compounds and the six isotopically labeled internal standards used in this study are listed in Table 2 , along with their supplier information. Different classes of the phenolic compounds including subclasses of phenolic acids, stilbenes, anthocyanidins, flavan-3-ols, proanthocyanidins, flavanones, flavones, dihydroflavonols, and flavonols analyzed in this study were previously quantified in lentils (Mirali et al., , 2017 . Catechin-13 C 3 , 4-hydroxybenzoic acid-13 C 7 , ferulic acid-d 3 , resveratrol (4-hydroxyphenyl-13 C 6 ), vanillin ring-13 C 6 , and quercetin-d 3 were used as internal standards.
Sample Preparation
Polyphenols were extracted from seeds of white and purple flower lines according to Mirali et al. (2014 Mirali et al. ( , 2016 with some modifications. Approximately 10 g of seeds was air dried to 14% moisture and stored at −20°C until milled. Whole-seed samples were ground in an Udy grinder equipped with a 0.5-mm screen, and finely ground samples were stored at −80°C until analysis. Seed coats and cotyledons were separated from whole seeds using a Satake TM05 grain testing mill (Satake Engineering) and freeze dried overnight before extraction. For each sample, 1000 mL of the extraction solvent, acetone/water (70:30 v/v) containing the internal standards, was added to 50 mg of sample in 2-mL microcentrifuge tubes. For seed coats and cotyledons, two 6.3-mm ceramic beads (MP Bio, Catalogue no. 6540-412) were added to each tube and samples were crushed into a fine paste using a Mini-Beadbeater-16 (BioSpec Products) twice for 1 min each. particle size (Agilent Technologies). A Thermo TSQ Vantage operated in negative electrospray ionization mode (Thermo Fisher) was used for mass spectrometry detection. Although the targeted LC-selected reaction monitoring (SRM) method can detect ?100 polyphenols , Table 2 only lists the SRM parameters for compounds that were detected in at least one of the samples. The mobile phases were water/formic acid (99:1, v/v) as Solvent A and water/acetonitrile/formic acid (9:90:1, v/v/v) as Solvent B, and the binary gradient is given in Supplemental Table S1 . A constant flow rate of 0.35 mL min −1 was used with an injection volume of 5 mL, and the retention time for each polyphenol is also given in Table 2 . Thermo Xcalibur 2.2 software (Thermo Fisher Scientific) was used to integrate peak areas of each analyte and their corresponding internal standard. For quantification, area ratios for each polyphenol were calculated and concentration (reported Samples were shaken for 1 h on an Eppendorf mixer at a speed of 1400 rpm and 23°C. The tubes were centrifuged twice at 13,000 rpm for 15 min each, and thereafter, 200 mL of the supernatant was dried down (3-4 h) with a Speed Vac (Labconco). Dried samples were reconstituted in 200 mL of MiliQ-water:methanol (90:10, v/v) and then transferred into vials for high performance liquid chromatography (HPLC)-MS analysis.
HPLC-MS
Liquid chromatography was conducted using an Agilent 1290 ultra performance liquid chromatography system (Agilent Technologies) equipped with an autosampler (G4226A), a binary pump (G4220), and a thermostatted column compartment (G1316) according to Mirali et al. (2016) , with some modifications. The chromatographic column was a 100-mm ´ 2.1-mm Agilent Poroshell 120 PFP (pentafluorophenyl) with 2.7-mm Table 2 . The retention time, molecular ion, and fragment ion of the internal standards and polyphenols found in pea samples.
Compound
Supplier Retention time Molecular ion Fragment ion as micrograms per gram of dry sample) was determined by comparing area ratios in a sample to those obtained using a calibration curve.
Statistical Analysis
Data were analyzed using a mixed model (PROC MIXED) implemented in SAS 9.4 (SAS Institute). Line (genotype) and location were treated as a fixed effect, whereas replication was a random effect. Means were represented as least square means, which were calculated based on ANOVA. The TTEST was conducted using PROC TTEST to detect significance of polyphenolic compounds between lines of different flower groups.
RESULTS AND DISCUSSION
Variation in Polyphenol Concentration in Whole Seeds
Overall, 30 polyphenolic compounds were quantified in whole seeds from the 12 pea lines along with parents CDC Amarillo and CDC Dakota using HPLC-MS (Table 3) . The ANOVA conducted on combined datasets (Saskatoon and Rosthern) showed that the effect of line was significant (P < 0.05) for four (purple flower with dun seed coat), five (white flower), and six (purple flower with speckled seed coat) polyphenolic compounds. Epigallocatechin, vanillic acid 4-b-D-glucoside, and 3,4-dihydroxybenzoic acid had the greatest concentration in the purple flower lines and, with the exception of epigallocatechin, in the white flower lines. Gallic acid and caffeic acid were present in seeds of purple flower varieties but were not detected in white flower varieties. Among purple flower lines, no significant differences were observed between speckled and dun seed coats except for gallic acid (Table 3) . Compared with white flower lines, 23 compounds had a greater concentration (P < 0.05) in whole seeds of purple flower lines. Total polyphenols in 17 field pea cultivars grown at five locations (Arborg, Dauphin, Minto, Rosebank, and Thornhill in Manitoba [western Canada]) during 1993 and 1994 differed significantly among cultivars (P < 0.05), with mean values ranging from 162 to 325 mg kg −1 dry matter (Wang et al., 1998) . In our study, the concentration of 30 polyphenolic compounds ranged from 19 (white flower) to 143 mg g −1 dry weight (purple flower). Direct comparisons with Wang et al. (1998) cannot be made, as they reported total phenolics using the Prussian blue assay, whereas our results are based on the sum of 30 different polyphenolic compounds using a targeted HPLC-MS method, which may not detect all polyphenols present. Mirali et al. (2016) compared phenolic profiles of zerotannin (tan) and normal (Tan) lentil varieties and observed that myricetin, dihydromyricetin, flavan-3-ols (including catechin, epicatechin, gallocatechin, epigallocatechin, and catechin-3-glucoside), and proanthocyanidins were detected in normal lentil phenotypes but not in zero-tannin lentils. Further, Mirali et al. (2017) reported the phenolic profiles of lentils with four major seed coat background colors (green, gray, tan, and brown) and two cotyledon colors (red and yellow). They observed high concentration of flavan-3-ols, proanthocyanidins, and some flavonols in green and gray seed coats types, and these lentil types could be promising for potential health benefits, as they might have greater antioxidative properties. A more recent study by Elessawy et al. (unpublished data, 2019) shows that in low-tannin lentil species, there are actually very low levels of catechin, gallocatechin, and some proanthocyanidins present in addition to myricetin 3-O-rhamnoside. These levels were typically at least 50 to 100 times lower than levels in the tannin containing lentils, but they are nonetheless present. Similarly, in our study, although myricetin, dihydromyricetin, and flavan-3-ols (catechin, epicatechin, gallocatechin, and epigallocatechin) were present in white as well as purple flower pea lines, the concentration was typically much lower in white flower pea lines.
Variation in Polyphenol Type and Concentration in Seed Coats and Cotyledons
Twenty-nine polyphenolic compounds were detected in seed coats, whereas 27 compounds were detected in cotyledons (Table 4) . Differences were not significant in cotyledon and seed coat fractions between purple flower with speckled seed coat and dun seed coat. Syringic acid was not present in any seed coats, whereas gallic acid and caffeic acid were present in seed coats of purple flower lines but not in white flower lines. Twenty-four polyphenol compounds were present in greater concentration (P < 0.05) in seed coats of purple flower lines compared with white flower lines.
Twelve Similar to this study, Mirali et al. (2017) reported fewer phenolic compounds in lentil cotyledons compared with whole seeds. Various studies have reported a differential pattern of polyphenol distribution in seed coats and cotyledons. For example, Bekkara et al. (1998) reported the presence of phenolic acids, flavones, flavonols, and flower lines. Of these 27 polyphenols, the concentration of 15 compounds was significantly different between purple and white flower lines, and three compounds (ferulic acid, dihydrokaempferol, and kaempferol 3-O-glucoside) were significantly greater in cotyledons of white flower lines compared with purple flower lines.
Comparison of Polyphenolic Profile in Pea with Lentil and Other Crops
Variation in color of many tissues is the result of different groups of phenolic compounds involved in the phenylpropanoid pathway. Various modifying enzymes and dihydroflavonols in seed coats of Vicia faba L., whereas cotyledons mainly contained phenolic acids. Similarly, Ranilla et al. (2007) reported that seed coats of common bean (Phaseolus vulgaris L.) were rich in condensed tannins, anthocyanins, and flavonols such as kaempferol and quercetin glycosides in 25 Brazilian and three Peruvian cultivars, whereas cotyledons were rich in phenolic acids, such as ferulic, sinapic, chlorogenic, and other hydroxycinnamic acids.
As per previous reports, we observed greater concentration of polyphenols in pigmented seed coats compared with nonpigmented seed coats. Interestingly, we also quantified 27 polyphenols in cotyledons of purple and white Table 3 . Least square means (LSM), SD, and significance level (TTEST) for polyphenol concentration (µg/g dry weight) for whole seeds of four lines each from white flower, purple flower with dun seed coat, and purple flower with speckled seed coat classes along with parents. These lines arising from pea recombinant inbred line population PR-20 (CDC Amarillo ´ CDC Dakota) were grown at Rosthern and Saskatoon, SK, Canada, in 2016 with two biological replicates from each location. Significance testing done between groups is shown in the last two columns whereas significance testing within groups is shown in the LSM column for each group. transcription factors are involved in the biosynthesis of phenolic compounds (Winkel-Shirley, 2001; Vermeris and Nicholson, 2006; Welch et al., 2008; Andersen and Jordheim, 2010) . Based on the description of the phenylpropanoid pathway (Winkel-Shirley, 2001; Welch et al., 2008; Grignon-Dubois and Rezzonico, 2012; Kaushik et al., 2015) , dihydromyricetin is produced from dihydroquercetin and/or dihydrokaempferol by the action of flavonoid-3¢,5¢-hydroxylase (F3¢5¢H) and provides substrates for production of myricetin, gallocatechin, epigallocatechin, and proanthocyanidins. Further, production of catechin or epicatechin requires dihydroquercetin as a precursor for action of dihydroflavonol reductase (DFR). In our research, gallocatechin, epigallocatechin, catechin, epicatechin, dihydromyricetin, dihydroquercetin, myricetin-3-O-rhamnoside, dihydrokaempferol, quercitrin, and myricetin were present in both white and purple flower pea lines although at very different concentration. Mirali et al. (2016) reported the presence of dihydromyricetin, myricetin-3-O-rhmanoside, flavan-3-ols, and proanthocyanidin oligomers in the brown lines (Tan). Since these compounds were not detected in the zero-tannin phenotypes (tan), the phenylpropanoid pathway was blocked at the point where enzymes F3¢5¢H and DFR are involved . However, a more recent study conducted in our group detected low levels of myricetin 3-O-rhamnoside, as well as some flavan-3-ols, including gallocatechin, in low-tannin lentil lines (Elessawy et al., unpublished data, 2019) . This indicates that the pathway is not completely blocked at F3¢5¢H, although it is drastically reduced. In pea, we see all of the polyphenols after F3¢5¢H; however, they are also much lower in white flower than in purple flower lines, suggesting a drastic reduction in the pathway after F3¢5¢H. The reduction in the amounts of the polyphenols in the pathway after F3¢5¢H indicates similarities in the pathways of the low-tannin lines of lentil and pea.
Furthermore, Elessawy et al. (unpublished data, 2019) detected catechin 3-O-glucoside as well as catechin, the latter at very low levels, in low-tannin lentil lines. These levels, which are typically at least 50 to 100 times lower than levels in the high-tannin lines, indicate that the pathway is not completely blocked at DFR, although it is drastically reduced. In white flower pea, although we see both catechin and epicatechin, these are present only at trace levels that are much lower than purple flower pea, suggesting a similar blockage in the pathway as reported by Elessawy (unpublished data, 2019). However, interestingly in the tannin containing lentils, there are approximately equal amounts of catechin and gallocatechin, and separately also epicatechin and epigallocatechin (Elessawy et al., unpublished data, 2019) , whereas the pea samples contain ?100 times more gallocatechin compared with catechin (and epigallocatechin compared with epicatechin), suggesting that for purple flower pea, the pathway through F3¢5¢H is strongly favored over DFR. Similar to our results, several researchers reported accumulation of flavonoid intermediates in unpigmented seed coats of various crops, such as Brassica carinata A. Braun (Marles et al., 2003) , Vicia faba cultivar Blandine (Bekkara et al., 1998) , and a manteca-type common bean cultivar Prim (Beninger et al., 1998) . Hart et al. (2015) tested the effect on Fe bioavailability of the eight most abundant polyphenols present in black bean seed coats using Caco-2 cells (human cell line) and found that four polyphenols (myricetin, myricetin 3-glucoside, quercetin, and quercetin 3-glucoside) inhibited Fe uptake by the CaCo-2 cells. However, four polyphenols (catechin, 3,4-dihydroxybenzoic acid, kaempferol, and kaempferol 3-glucoside) clearly promoted Fe uptake. They concluded that selection of specific polyphenols could be useful for breeding lines with improved Fe concentration via increased Fe bioavailability. In our study, 30 polyphenols were detected, with 3,4-dihydroxybenzoic acid, epigallocatechin, and vanillic acid-4 glucoside having the greatest concentration. Catechin, 3,4-dihydroxybenzoic acid, and kaempferol 3-glucoside were present in all pea lines and these were noted by Hart et al. (2015) as promoters of Fe uptake. Efforts will be made to identify polyphenols that either promote or reduce Fe uptake, so future breeding strategies can be developed accordingly.
Strategies for Changing the Relative Concentration of Different Polyphenols in Pea
Individually, various polyphenol components have shown antioxidative activity, and their consumption can be associated with reduction of severity of several human diseases. For example, flavan-3-ols, catechin, and gallocatechin were associated with the reduction of cardiovascular diseases (González et al., 2011; Toh et al., 2013) . Phenolic acids, flavones, and flavonols had shown anti-cardiovascular disease, anti-cancer, anti-diabetic, and anti-HIV (human immunodeficiency virus) activities (Manach et al., 2004; Calderon-Montaño et al., 2011; Spilioti et al., 2014) .
In our study, flavan-3-ols including epigallocatechin, gallocatechin, and flavonols such as myricetin-3-O-rhamnoside and quercetin-3-O-rhamnoside were present in significantly greater concentration (1300-6100 times) in seed coats of purple flower pea lines compared with white flower lines. These polyphenol components have shown significant activity in reducing the severity of human diseases such as cancer and cardiovascular diseases; thus, these could be used as antioxidant supplements in various food products. In this study, cotyledons of dun pea (the type typically produced in Australia) had substantially greater concentration of 3,4-dihydroxybenzoic acid (eight times) and epigallocatechin (110 times) compared with cotyledons of white flower pea (typically produced in North America and Europe). In contrast, ferulic acid, dihydrokaempferol, and kaempferol 3-O-glucoside were present in significantly greater concentration (two to three times) in cotyledons of white flower compared with purple flower lines. The abovementioned polyphenols could be targeted in future breeding strategies because most peas are consumed in dehulled form.
CONCLUSIONS
Overall, 30, 29, and 27 polyphenolic compounds were quantified in whole pea seeds, seed coats, and cotyledons, respectively. Virtually no difference in polyphenol profile was observed between purple flower lines with speckled vs. dun seed coats, with the exception of gallic acid in whole seeds. The concentration of polyphenols was significantly greater (2-820 times) in purple flower lines compared with white flower lines. Seed coat fractions had more polyphenols (3-160 times) than cotyledon fractions. The polyphenols dihydromyricetin, dihydroquercetin, myricetin-3-O-rhamnoside, dihydrokaempferol, quercitrin, and myricetin were present in significantly greater (3-6100 times) concentration in purple flower lines compared with white flower lines. These results show that the phenylpropanoid pathway for white flower peas (low tannin) is drastically reduced at F3¢5¢H. Conversely, in the pathway after DFR, catechin and epicatechin were significantly greater (up to 100 times) in purple flower peas compared with white flower peas, but pea levels are very low (?100 times lower) when compared with lentils, and these results suggest that the pathway through DFR is drastically reduced in both purple and white flower peas compared with lentil. This study provides the basis for wide exploration of pea germplasm to identify accessions with high polyphenols to breed novel pea cultivars with additional health benefits.
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